To localize a rover on small planetary body, a method using round-trip propagation delay of radio waves is most promising. In order to improve the estimation accuracy, it is necessary to estimate rotational motion of the small planetary body. A method of localization has been expanded to estimate also the rotational parameters of the small planetary body. The expanded problem includes complex nonlinear and dynamical issues that it cannot be solved analytically. So, the estimation problem has been formulated as an optimization problem to minimize the loss function defined based on the estimation errors derived in comparison with actual measurement data. A solution for the optimization problem has been proposed, which uses Powell's conjugate direction method for local searches. Although this solution does not require calculation of derivatives, it requires a large amount of computation since several forward calculations of the state are required for each minimum search. In this paper, a method to select measurement data is described, which provides as accurate estimation as the original results with reducing the computational amount. The main idea of selection is to conserve the sensitivity of the measurement data. The proposed method to select data is compared with the results using the decimated data of equal interval. Simulation results and experimental results are shown to evaluate computational reduction and estimation accuracy.
INTRODUCTION
As represented by Hayabusa probe [1] , investigation into small planetary bodies attract the interests of many people. Although direct investigation by a rover is most promising approach for survey of the surface, existing methods such as matching global and local information [2, 3, 4, 5] do not have sufficient accuracy for rovers on small bodies of less than 1 km [6] .
We have proposed a method to localize a space rover by radio waves [6] . This method uses measurement of propagation delay of radio waves similar to Global Positioning System (GPS), however, our method requires only a single spacecraft as a radio source. Our method uses measurement of round-trip propagation delay between the rover and the radio source repeatedly, which provides psudomultiple reference points for localization. The method is able to 1) provide absolute position of the rover in the planet-centered inertial frame, 2) cover the whole surface of the target planetary body, and 3) be applicable for any size of a planetary body. Communication device on a mother spacecraft is used as a source of radio waves and only a transponder on the rover is required for this method to work. Moreover, no synchronization of clocks is needed and no accurate clock is needed on the rover because the method uses the measurements of round-trip propagation delay. While the significant error cause in GPS is atmospheric delay, little air exist on surface of a small planetary body that measurement of propagation delay is expected to be highly accurate.
The method of localization with measurement of roundtrip propagation delay has been formulated as a recursive method by applying Kalman filter, which suggested that real-time localization of a space rover is achievable [6] . During the localization, the rotational motion of the small planetary body makes change in the position of the rover. So, it is not negligible that the influence on the localization accuracy from the ambiguities of the rotational motion of the small planetary body. The method of localization has been expanded to estimate the rotational parameters of the small planetary bodies together with the position of the rover [7] . The estimation problem has been formulated as an optimization problem to minimize the loss function defined based on the estimation errors derived in comparison with actual measurement data. The expanded problem includes complex nonlinear and dynamical issues that it cannot be solved analytically. To solve this optimization problem, a method based on gradient has been proposed [7] . However, this method required calculation of differentials of loss function. Moreover, it has been proved that the loss function has different scales of gradient value to each state variable, so the solution following the gradient vector has to be divided into three steps depending on the scale of gradient value [7] . A solution based on Powell's conjugate direction method has been proposed, which does not require any calculation of differentials [8] . However, it requires many forward calculations and consumes large computational time for the convergence.
In this paper, a method to estimate both the position of the rover and the rotational parameters of the small planetary body as well as a method to select the measurement data is described. To reduce the computational time without loosing the estimation accuracy, the method of selection is defined so that the selected data conserves the sensitivity of measurement data. Numerical simulations assuming a rover is located on a small planetary body with maximum diameter of 600 m is presented in this paper. Experimental results using range measurement tool are also summarized, which evaluate the computational reduction and estimation accuracy.
ESTIMATION OF ROTATIONAL PARAMETERS OF PLANETARY BODY AND POSITION OF ROVER

Formulation as Optimization Problem
The inertial-fixed coordinate frame used is shown in Fig  1. The origin coincides with the center of mass of the small planetary body. The z-axis is parallel to the nominal direction of the rotational axis of the small planetary body, and the x-axis is perpendicular to the z-axis and parallel to the longitude of the ascending node of the spacecraft's orbit. The y-axis is perpendicular to these axes and defined by the right-hand rule.
T denote the positions of the rover and the mother spacecraft, respectively.
T and ω denote the direction of the rotational axis and the angular velocity of the small planetary body, respectively.
To estimate both the position of the rover and rotational motion of the small planetary body, an extended state is defined as following. Although σ is a 3-dimensional vector, it has the constraint ||σ|| = 1. Therefore, two of the components in σ are free. As the nominal direction of the rotational axis isσ = [0 0 1]
T from the coordinate definitions, where¯denotes nominal value, σ z is defined as
Define the extended state vector s as
When the rotational motion of the small planetary body is accurately estimated, the rover is ready to move. At navigation step, previously proposed method of recursive localization [6] can be applied. In this paper, it is reasonable to assume that the rover does not move during the localization. The direction of the rotational axis and the angular velocity is assumed to be time-invariant. Then the state prediction is derived as
where the suffix i denotes the value at i-th measurement. R(σ, β) is a rotation matrix and it represents the rotational motion of the planetary body. R(σ, β) is given as
where σ and β are the direction of the rotational axis and the angular velocity, respectively. I is a unit matrix and [σ×] is a skew-symmetric matrix representing the cross product of the vector σ.
Assuming that the processing delay on the transponder is ζ i , the measurement of round-trip propagation delay is expressed as
where c is light speed and η i is measurement noise of average 0. t e,i , t ref,i , and t r,i are the time at emission, at reflection, and the reception time of radio waves at the i-th measurement, respectively. These values satisfy
Assuming that the average delay on the transponderζ i is known, (5) can be expressed as follows [9] .
The system represented by equations (3) and (8) does not satisfy the condition of locally observable. Therefore, recursive approach does not work for estimating the state vector s i [9] .
Let us define the squared error function between the actual measurement, τ ob,i and the estimation,τ i , calculated from the estimated state,ŝ, as
where γ 2 denotes the variance of the measurement noise, η i .ˆdenotes estimation value and from eq. (5), 
If the optimal stateŝ opt 0 is close enough to the actual state, the measurement error, (τ ob,i −τ i ) 2 , is equal to the variance of the measurement noise. Then, the expected value of error function J s satisfies < J s /N >= 1. The index J s /N can be used to check whether the optimal state is close enough to the actual state or not.
[8] describes the solution for the optimization problem (13), which uses Powell's conjugate direction method for local search. This solution does not require any calculation of differentials. However, the minimum search based on Powell's conjugate direction method requires at least n line-searches, where n denotes the dimension of the state vector s. In addition, N forward calculations are required for each line-search due to the constraint (3). Since the dimension of the state vector is 6, the increase of the number of measurement data, N , causes significant influence on increasing computations.
Solution without Differentials
Powell has proposed a method to find a minimum of a function independent from derivatives [10] , which is called Powell's conjugate direction method. The basic algorithm of Powell's conjugate direction method is as following [10] , where the function to be minimized is F (p), and p is a state vector. ξ has the same dimension with the state vector, s ∈ ℜ n .
(1) Determine linearly independent directions {ξ k } (k = 1, · · · n) and set the best known approximation to the minimum, p 0 as the starting point.
is a minimum, and define
and
2 , use the old directions ξ 1 , ξ 2 , · · · , ξ n for next iteration and use p n as next p 0 , otherwise
as new directions and use p n +λ n+1 ξ n+1 as the starting point for next iteration. (7) Repeat from 2.
In our problem, the function to be minimized J s (10) , and the state vector is s (2) , which consists of 6 variables, that is n = 6. The optimization problem (12) is solved by using Powell's conjugate direction method repeatedly as follows:
(1) Set the initial state as nominal p 0 =s 0 and It is necessary to set the initial direction to be searched, ξ, to be a set of unit vectors because the loss function has different scales of sensitivity to each state variable. Otherwise, the minimum search will require numerous iterations. In the simulation results and the experimental results, α is defined from line-search algorithm in order to guarantee that the loss function decreases monotonically.
Selection of Measurement Data to Reduce Calculation
In general, range measurement has sensitivity to line-of sight direction. Although the proposed method of localization has two sensitivity directions of round-trip, the propagation delay τ is much smaller than the measurement interval ∆T . So, the sensitivity direction d i at the i-th measurement can be represented by the following single direction,
If the variation of the sensitivity directions of N measurement data,
, is large, then the esitmation will be accurate. In order to conserve the variation of the sensitivity directions, measurement data is selected by the following steps. each ranking as representative data so that these representative data can make the value of uniformity index be conserved.
The estimation with less representative data will require less calculation. However, it is more sensitive to the approximation error of the orthonormal basis,ū k , and to the measurement noise included in the representative data. It is necessary to determine an appropriate number of representative data, which provides estimation with sufficiently high accuracy in reasonable amount of computation time.
VALIDATION OF ESTIMATION ACCURACY
Simulation Results to Evaluate Estimation Accuracy
Numerical simulations assuming a rover was located on a small planetary body were conducted to evaluate the estimation accuracy. An asteroid was assumed to be spheroid with diameters of 300×300×600 m and with density of uniformly 2500 kg/m, which reffered asteroid Itokawa. The mother spacecraft was assumed to orbit around the asteroid, where the semimajor axis was 3 × 10 3 m, eccentricity 
which was the worst case in estimation error of the optimal state, ||ŝ 0 − s * 0 ||, among the results assuming various patterns of maximum ambiguities in the nominal state s 0 [9] . Measurement noise was assumed to be Gaussian with the average of 0 s and the variance of 10 −16 s 2 , which reflected the performance of a recent transponder for space use. The interval of the measurement, ∆T , was 600 sec, and the number of measurement data, N , was 200. The measurement data was collecteed when the rover could catch the mother spacecraft in sight. The range of view of the rover was assumed to be 1.4 rad from zenith. The iteration was set to stop when the decrease in the value of the loss function was less than a threshold, ∆J < 10 −2 . The following results were provided by the computer with Intel Core i7, 2.93GHz, and Matlab 2009a software. Fig 2 and Fig 3 plot the estimation error and required computation time of the results using the decimated measurement data, respectively. In both methods, the solid and broken lines denote the results using the data of proposed method of selection and the results using the data with equal interval. The maximum, minimum and average values of the estimation results of 100 patterns of measurement noise are plotted. Fig. 2 suggests that the proposed method of selection had less error in estimation and required less computation time. Although the estimation error in the results from the representative data was relatively large compared with the results using the whole 200 data, it was still 10 0 order and required approximately 1000 s, which is less than a quarter amount of computation time of the calculation using the whole data. The proposed method to select data to conserve the sensitivity directions can provide as accurate estimation as the results using the whole data with reducing the computation time effectively.
Indoor Experimental Results
Overview of Experiments To evaluate feasibility of the proposed method, indoor experiment using a range measurement tool had been conducted. One end of a straight stick was fixed to a pan-tilt unit (PTU), which was used to resemble the rotational motion of the small planetary body. On the other end of the stick, a reflector of cylindrical shape with 1.1 × 10 −2 m in diameter and 1.0 × 10 −2 m in hight was fixed, which was regarded as a transponder on a rover. The experimental setups are illustrated in Fig. 4 . Total station (GTS-810A) was used to collect range data. It emits infrared light to the reflector and measures the propagation time of the light and outputs the distance to the reflector as well as the position of the reflector. The position of the total station was fixed and measured the distance to the reflector at 100 different angles of rotation, which were produced by PTU. The data was collected from four different positions of the total station, which were approximately 5 m away from PTU, and collected 400 measurement data. A prism was fixed at three points,
T , and they were used as reference points to determine the position of the total station. The reference positions and the four positions of the total station are listed in Table 1 .
Actual Parameters in Experiments
To evaluate the estimation accuracy of the proposed method, rotational parameters in the experimental setups and initial position of the reflector were calculated using 400 measurement data. If enough number of data are collected, the first and the second component of the reflector's positions reflect the rotational plane and the third component reflects the direction of the rotational axis. So, the rotational axis was calculated by singular value decomposition of a set of the positions of the reflector. The direction of the rotational 
Evaluation of Estimation Accuracy and Data Selection
Output data of total station, ρ, was transformed to roundtrip propagation delay τ as τ = 2ρ/c a (18) where c a is the light speed in the air. The measurement data τ ob,i was used for estimation, if the data satisfies
where x i and X i denote the position of the reflector and the position of total station, respectively. The range of the rover's view was assumed to be π(rad). 223 range data out of 400 measurement data were used for the estimation calculation. The initial state of estimation was set aŝ T , since the coordinate was defined so that z axis to be parallel to the nominal direction of the rotational axis. The iteration was set to stop when the value of loss function per number of measurement, J s /N , was less than a threshold, 10 −3 .
The estimation results of experiments are plotted in Fig.  5 and Fig. 6 . In these figures, the estimation results using the whole 223 measurement data and the ones from the selected data by the method described in subsection 2.3 are plotted. Fig. 5 suggest that the estimation results using over than 30 data provided as accurate estimation as the estimation using 223 data, while the estimation using less than 30 data had large error. Fig. 6 suggest that estimation results using 30∼60 data required only a quarter amount of computation time of the calculation using the whole data, while the estimation using 6 data required much more amount of computation time than the estimation using the whole data. The measurement noise included in 6 represenetative data causes contradiction in optimization, therefore, it took more computation time in optimization.
In actual, the estimation error plotted in Fig. 5 cannot be known. The index J s /N is useful to judge whether the estimationx is close to the actual state or not. If enough measurement data are obtained and the estimation x is close enough to the actual state, the estimation error in measurement almost equals to measurement noise and J s /N comes to 1. Optimization is to search the optimal stateŝ opt , which gives the minimum value of J s of the selected data. If the value of loss function, J s , of the whole data using the optimal stateŝ opt satisfies J s /N ∼ 1, then the optimal stateŝ opt will also be optimal to the whole data. This is cross-validation in a broad sense. Fig. 7 plots the values of index J s /N of 223 measurement data using the optimal stateŝ for the selected data. From  Fig. 7 , the index J s /N decreases and becomes close to 1 in accordance with the number of representative data increases. Moreover, the index J s /N was relatively large where the number of sparse data was less than 30 that the index J s /N effectively indicates the amount of estimation error. We can conclude that the index J s /N is useful to check whether the optimal state is close enough to the actual state or not.
Thus, the estimation results using experimental data proved that, similar to the results from numerical simulations, to select the measurement data appropriately can reduce the calculation amount, however, estimation using too few data is easy to be trapped to a local minimum, and it sometimes requires much more computation time than the estimation using the whole data. In the estimation of experimental data reported in this paper, estimation using over than 30 measurement data provided as accurate estimation as the estimation using the whole data only requiring a quarter amount of computation time.
CONCLUSION
In this paper, a method to decimate measurement data is proposed for the method of localization for the rover on small planetary body. In the previous paper, a method to estimate both the position of the rover and the rotational parameters of the small planetary body has been formulated as an optimization problem. The solution based on Powell's conjugate direction method has been proposed for the optimization problem. Numerical simulations had proved that the solution based on the variation method can provide estimation with sufficiently high accuracy. However, it required large amount of computation, which increases linearly in accordance with the number of measurement data. So, a method to select the measurement data to conserves the sensitivity directions has been proposed. The estimation accuracy and the reduction of computation was evaluated by numerical simulations assuming a rover was located on a small planetary body. With the simulation parameers described in this paper, estimation using 60 representative data among 200 measurement data provided as accurate estimation as the estimation using the whole measurement data, although it required less than a quarter amount of computation time. The estimation results using the data selected by the proposed method were compared with the results using the measurement data with equal interval. It proved that estimation using the data selected by the proposed method can provide more accurate estimation even it requires less computation time than the estimation using the data with equal interval. The experimental results using the range measurement tool also suggested that the proposed method of data selection can provide as accurate estimation as the results using the whole data requiring less computation. These results support the feasibility of the proposed method of estimation using round-trip propagation delay of radio waves.
